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The  purpose of  this  report  is  to  present  experimental  evidence 
indicating the formation--during the actual process of photosynthesis 
and  not  before  of  a  material  in  relatively  large  quantities  which 
combines with or absorbs carbon dioxide.  This material or substance 
will for the present be called "carbon dioxide-combining  intermediate" 
and certain of its definitely established properties or attributes will 
be described in this paper.  The experiments establishing the existence 
of  this  carbon  dioxide-combining intermediate  are  entirely  new  in 
type.  Likewise the intermediate bears no evident relationship with 
any  plant material  previously described as  combining with  carbon 
dioxide, being produced, as it is, only during the actual process  of 
photosynthesis.  Its presence during photosynthesis can be measured 
by a  "pick-up" of carbon dioxide in darkness observable immediately 
following a  high rate  of photosynthesis.  That  the intermediate is 
chlorophyllous in  nature  is suggested by  a  simple stoichiometry of 
the order of unity that is found to exist between the number of carbon 
dioxide  molecules  taken  up  and  the  total  number  of  chlorophyll 
molecules  present  in  the  plant.  The  importance  of  this  newly 
observed carbon dioxide-combining  intermediate for our understanding 
of the process of photosynthesis as a whole is readily evident. 
A simple chlorophyll-carbon dioxide relation of some sort has been 
assumed in several theories of photosynthesis, although direct chemi- 
cal evidence of any stoichiometric combination has heretofore been 
lacking.  Emerson and Arnold (1932)  demonstrated a linear relation- 
ship between chlorophyll content and maximum rate  of photosyn- 
thesis in flashing light for Chlordla, but here some 2000 chlorophyll 
molecules seemed to  be  associated with  the  reduction of  1  carbon 
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dioxide molecule.  An uptake of carbon dioxide by dead leaf material 
was found by Willst~tter and Stoll (1918) and by Spoehr and McGee 
(1924)  that was suggestive of the formation of a  complex, but it is 
questionable whether this uptake could be related to photosynthetic 
processes taking place in the living plant since it was found to occur 
in  the material of only a  few of many plants studied.  Willst~tter 
(1918)  has  shown that  carbon  dioxide will form a  compound with 
extracted chlorophyll only when the latter is subjected to a relatively 
high pressure of carbon dioxide gas. 
A detailed, and in the writer's opinion closely related, study of the 
induction phase  is  also  presented  in  this  report.  Here  a  certain 
simple  stoichiometry  between  chlorophyll  and  carbon  dioxide  is 
observed which likewise provides evidence for  the view to  be  sup- 
ported in  this paper that chlorophyll participates in the process of 
photosynthesis as  an  individual molecule rather  than  by  units  of 
several hundreds or thousands of molecules. 
The literature on chlorophyll photosynthesis contains few observa- 
tions on the induction period, on namely, the time course of photo- 
synthesis from the moment of illumination of a  plant to the attain- 
ment of  a  constant  rate  of  carbon  dioxide assimilation or oxygen 
production under a given set of conditions,  The well known experi- 
ments of Osterhout and Haas  (1918)  are  among the first recorded 
observations on  the induction period.  Warburg's  (1920)  measure- 
ments of this phenomenon were made with his manometric method 
wherein instrumental time lag was overcome by integrating the effect 
of a series of light and dark periods.  In Chlordla he found a 2 minute 
induction period following a  10 minute rest in  darkness.  Van  der 
Paauw  (1932)  used about the same procedure with Horrnidium  and 
obtained similar results.  In addition he showed that a  lower tem- 
perature  lengthened  the  induction  period.  The  observations  of 
Kautsky (1936)  and of Franck and Wood (1936)  on the fluorescence 
of  chlorophyll in  leaves  of  higher plants  show  a  similar induction 
period with respect to fluorescence.  The earlier observations of the 
present writer  (1937)  were made with  a  spectrographic method of 
carbon  dioxide measurement having  so  small  a  time lag  that  the 
integrational procedure was unnecessary.  These direct measurements 
of the time course of photosynthesis showed that essentially the same ~-.  D.  MCALISTER  615 
induction phase in carbon dioxide assimilation--following a 10 minute 
"dark rest"  (the period of darkness previous to  the observation of 
the  induction period)--occurred in  a  higher plant  as  in  the  algae 
studied  by  Warburg  and  Van  der  Paauw,  and  showed  a  greatly 
lengthened  induction  period  following  several  hours  of  darkness. 
Smith's (1937)  manometric observations on Cabomba show an induc- 
tion period of 4 or 5 minutes following more than 30 minutes darkness 
except for low light intensity where the period is about one-half as 
long.  Brigg's (1933)  observations on the non-stomatal moss Mnium 
show an induction period of 25 to 30 minutes following more than 2 
hours darkness.  He states that "periods shorter than an hour seemed 
to give a less marked induction  ....  " 
The previous experiments of the  author  (1937),  besides showing 
that practically the same induction phase occurred in the higher plant, 
wheat, as in the algae studied by previous workers, gave other evi- 
dence indicating that the mechanism for carbon dioxide assimilation 
is essentially alike in  this higher plant  as  in  algae,  as  might well 
be  supposed.  In  studying  the  effect  of  intermittent  illumination 
(equal light and dark periods) on carbon dioxide assimilation, a limit- 
ing  increase  in  efficiency  (per  unit  of  light)  of  100  per  cent  was 
approached as the length of the periods was decreased.  At  1/60th 
of a second (the shortest used) the increase was about 90 per cent at 
20°C., indicating essentially the same time factor for the Blackman 
reaction in  the higher plant,  wheat,  as was found for ChloreUa  by 
Warburg (1919), and by Emerson and Arnold (1932). 
In all experiments reported in this paper the same kind of plant, 
wheat  (variety Marquis), 1 and  the  same spectrographic method of 
carbon dioxide measurement were used as formerly (1937).  Assimila- 
tion measurements were taken at intervals of 30 seconds.  The assimi- 
lation  rates  indicated  graphically  in  the  figures  are  the  observed 
"apparent" rates and are uncorrected for respiration: all rates reported 
numerically in either text or figure refer to corrected net assimilation. 
In order to avoid ambiguity, the following terms are used in a specific 
sense throughout this paper: induction period, induction loss,  dark 
rest, dark pick-up, and plant uptake. 
' Seed kindly supplied by Dr. H. H. McKinney of the United States Depart- 
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A Dark Pick-Up of Carbon Dioxide by Green Leaves 
The following experiments were made  primarily to compare induc- 
tion under both light-limiting and carbon  dioxide-limiting conditions 
at  rates  of  assimilation  higher  than  possible  in  normal  air  carbon 
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FIG.  1.  Time  course of carbon  dioxide assimilation  at  16  °  and 26°C.  for four 
light intensities.  The dark pick-up appears at the two higher light intensities. 
dioxide concentration.  However, they show the experimental condi- 
tions  necessary  for  the  observation  of  a  dark  pick-up  of  carbon 
dioxide  so  deafly  that  this  more  important  matter  will  be  taken 
up first.  Employing a 10 minute dark rest throughout, the course of E.  D.  McALISTER  617 
assimilation  was  observed first  under the  conditions of normal  air 
carbon dioxide (0.03  per cent), light intensity 3000 foot-candies, and 
a  temperature of 16°C.  Then the carbon dioxide concentration was 
raised to  0.30  per cent and the course of assimilation observed for 
light  intensities  of  3000,  2000,  1000,  and  500  foot-candies.  The 
entire experiment was then repeated at 26°C.  In each separate experi- 
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FIG. 2.  Rate of carbon dioxide assimilation  versus light intensity (from Fig. 1), 
showing the nature and extent of the various limiting factors. 
ment the plant was exposed to the chosen light intensity for about 
10 minutes prior to the 10 minute dark rest.  The data obtained for 
the higher carbon dioxide concentration are shown in Fig.  1.  Here 
the ordinate is carbon dioxide assimilated and the abscissa is time. 
The  downward  slope  before  and  after  the  period  of  illumination 
(15 minutes) of the plant gives the rate of respiration.  From these 
data, Fig. 2 has been drawn to indicate better the nature and extent 618  CHLOROPHYLL-CARBON  DIOXIDE  RATIO 
of the limiting factors concerned in the various curves in Fig.  1.  It 
is of interest  to note here in passing the usual approach  to  a  zero 
temperature coefficient under light-limiting conditions. 
It is immediately apparent when Fig. 1 is examined that at the two 
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FTG. 3. Time course of ~rbon dioxide assimilation at 26°C. under different 
light and carbon dioxide conditions. 
higher light intensities the carbon dioxide assimilation continues for 
about 20 seconds after the plant is darkened, indicating a dark pick-up 
of  carbon  dioxide  immediately  following a  relatively  high  rate  of 
photosynthesis.  The  upper  curve  in  Fig.  3  shows  this  pick-up of 
carbon  dioxide  in  darkness  (and  the  conditions under  which  it  is E.  D.  McALISTER  619 
observed) more dearly than the several curves of Fig.  1, because of 
the  larger  scale  employed.  In  Fig.  3  the  lower  curve  shows  the 
course of assimilation under the conditions of carbon dioxide concen- 
tration 0.3 per cent and light intensity 1000 foot-candles.  The middle 
curve shows the course of assimilation under the conditions of carbon 
dioxide  concentration 0.03  per  cent  and  light  intensity  3000  foot- 
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FTG. 4. Relationship of the dark pick-up of carbon dioxide to  the previous 
rate of photosynthesis.  (These data might better be represented by a  single 
S-shaped curve.) 
candles.  These two sets of conditions balance to give in both curves 
about  the same  rate  of assimilation  (corrected for respiration)--97 
and 98  c. ram. per minute (at 20°C.  and 760  mm. pressure), but a 
scarcely  appreciable  pick-up  either  under  light-limiting  or  carbon 
dioxide-limiting conditions where the rate  is  greatly lowered.  The 
experimental error here is about =t=5 c. ram.  It should be noted that 
the greater smoothness of the  data  for the middle curve in  Fig.  3 620  CHLOROPHYLL-CARBON  DIOXIDE  RATIO 
is due to the greater sensitivity of the spectrographic method at this 
lower  carbon  dioxide concentration.  The upper  (broken)  curve in 
Fig.  3,  where a  much higher rate  of assimilation  (215  c.  ram.  per 
minute) was obtained, shows the nature and extent of the observed 
dark pick-up.  Here it is seen that the carbon dioxide assimilation 
continues for  about  20  seconds after  cessation  of  illumination,  so 
that the line for the respiration rate drawn back to the time of light 
cessation shows  an  intercept giving the  amount of  the  pick-up in 
darkness (52 c. ram., upper curve). 
In Fig. 4  the dark pick-up is plotted (data from Fig.  1)  against 
previous rate of carbon dioxide assimilation as governed by varying 
light intensity.  From these curves it follows that the dark pick-up 
is observable experimentally only following a  relatively high rate of 
assimilation.  Fig. 4 indicates little or no pick-up observable at low 
previous rates of assimilation, but as the rate is increased by increasing 
light intensity the observable pick-up becomes marked.  It is pos- 
sible that a  single curve would better represent the data in Fig. 4. 
The  compensation points  (where  respiration  balances  assimilation) 
for  16  °  and 26°C.  (17  and 32  c.  ram./rain.)  are  indicated on  the 
abscissal scale by small arrows.  In Fig. 1 it is seen that in both the 
3000 foot-candles experiment of the 16°C.  group and the 2000 foot- 
candles experiment of the 26°C. group a marked pick-up is apparent. 
The  latter  case  is  under practically  light-limiting conditions while 
the former is under strong carbon dioxide limitation (see Fig. 2).  It 
appears then that high previous rate of assimilation (necessarily high 
light) rather than any particular limitation of carbon dioxide or light 
is essential to the observation of the pick-up. 
Further experiments were made to determine the relation between 
time of illumination and appearance of the pick-up.  Here the carbon 
dioxide concentration used was 0.30 per cent, the temperature 21°C., 
and the light intensity 4000 foot-candles.  After a  dark rest of  10 
minutes in each case the course of assimilation was observed for a 
light  period  of  5  minutes,  2  minutes,  1  minute,  and  30  seconds. 
Typical results are shown in Fig. 5.  It is apparent here that the full 
pick-up is attained by the time the plant is out of the induction period. 
The inset in Fig. 5 compares the rate of assimilation during and after 
the induction period with the corresponding pick-up observed.  The ~.  D.  Mc.~LZST]~R  621 
ordinate scale for the pick-up has been adjusted to bring the maxi- 
mum pick-up and equilibrium rate of assimilation together.  Here it 
is evident that the pick-up is closely correlated with the rate of assimi- 
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Fie. 5. Dark pick-up rersu~ time of illumlnetion, showing that the maximum 
pick-up is attsined as soon as the plant is out of the induction period. 
lation  during  the  induction  period.  The  experimental  error  in 
measuring a  pick-up  for  30  seconds  and  1  minute illuminations  is 
large.  Values of the pick-up plotted in the inset for these times were 
obtained by comparing the vertical difference between the straight 622  CHLOROPHYLL-CARBON  DIOXIDE  RATIO 
lines  representing the  respirational  rate  before  and  after  the light 
periods with corresponding ordinates (mean values) on the 5 minute 
and 2 minute curves.  A small pick-up was indicated for the 1 minute 
period and essentially none for the 30  second period.  The experi- 
ments shown in Fig. 5 indicate, interestingly enough, that an inherent 
error  is  present in  rate  measurements during the induction period 
when the manometric integratlonal procedures heretofore used  (as 
by Warburg  (1919))  are followed, for the pick-up is included in the 
measurement for each time interval, producing thereby an apparent 
rate higher than the actual "instantaneous" rate. 
That the pick-up of carbon dioxide in darkness is not an instru- 
mental effect is evidenced by  the fact that the instrumental lag is 
about 3 seconds, whereas the effect corresponds to about a 20 second 
lag.  The data shown in Fig. 4  are uncorrected for this lag.  For a 
previous rate of 100 c. ram. per minute the true plck-up is no more 
than 5 c. ram. less than shown. 
Many different tests were made to verify the experimental reality 
of the pick-up of carbon dioxide in darkness described.  In every case 
where the previous rate  of carbon dioxide assimilation was  several 
times  that  possible in normal air  carbon  dioxide  concentrations, a 
definite pick-up was observed.  In one typical experiment where the 
light intensity was  8000  foot-candies, carbon  dioxide concentration 
0.15 per cent, and rate of carbon dioxide assimilation 240 c. mm./min., 
the pick-up in  darkness was 40  c.  ram.  Comparing this with  the 
data shown in Fig. 4,  it is apparent that in  these experiments the 
previous  rate  of  carbon  dioxide  assimilation  was  the  main  factor 
determining the pick-up of carbon dioxide.  It is of interest to men- 
tion in passing that  the maximum rate  of 215  c.  nun. per minute 
(Fig. 2) is about three times the maximum value per unit wet weight 
observed by Smith (1937)  with Cabo~ba at three times the present 
carbon dioxide concentration and ten times the present light intensity. 
These high assimilation values  of wheat  are  still  somewhat below 
those reported by Alten and Goeze (1938). 
Further experiments were made in an effort to  determine if this 
pick-up might possibly be due to "free" chlorophyll.  In these experi- 
ments the plant was  "conditioned" in  carbon  dioxide-free air  and 
high light intensity for one-half hour, this treatment supposedly free- ~.  v.  McALISTER  623 
Lug  chlorophyll.  Carbon  dioxide  was  then  suddenly  (2  seconds) 
admitted to the system without break in illumination, and the subse- 
quent course of assimilation in light observed.  (In some experiments 
the plant was darkened when the carbon dioxide was admitted and 
the subsequent course of respiration was observed.)  In these tests 
when only enough (exactly measured) carbon dioxide was added to 
bring the concentration to the normal air value of 0.03 per cent, no 
appreciable pick-up of carbon dioxide was observed (the small amount 
needed to saturate the plant volume is less than experimental error). 
When more carbon dioxide was added--for example, enough to bring 
the concentration to 0.3 per cent--the experimental error in delivering 
the  6000  c.  mm. of carbon  dioxide needed was of the same  order 
(60  c.  mm.) as the best pick-up yet observed.  Probably the most 
critical  experiment  (least  experimental  error)  showing no  pick-up 
after these particular conditioning periods was when no carbon dioxide 
was added subsequent to conditioning.  Here the system was simply 
dosed on zero carbon dioxide and the subsequent course of respiration 
in  darkness  or  assimilation  (of  respired  carbon  dioxide)  in  light 
observed.  An example of the latter  will be  shown in  Fig.  9.  In 
these experiments there was no decrease in rate of respiration when 
the  system was  dosed and  the plant darkened,  and no  significant 
departure from a linear relationship between rate of assimilation and 
carbon  dioxide concentration when the light was left on the plant 
after the system was dosed. 
The Relation  of the Induction Phase to the Previous Dark Rest 
It was found earlier by the writer (1937)  that the induction period 
was many times longer after a night (10 hours) of darkness than after 
a short (10 minute) dark rest.  This fact led the writer to study this 
phenomenon  for a range of dark rests from 20 seconds to several hours. 
The results of these observations are shown in Fig. 6.  Here the carbon 
dioxide concentration was that of normal air (0.03 per cent), the light 
intensity was 1500 foot-candles, and the temperature 20°C.  A study 
of Fig. 6 will show that both the length of the induction period and 
the amount of carbon dioxide involved ("induction loss")  are deter- 
mined by the previous dark rest. 
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occurring  in  the  dark  which  are responsible  for  the  phenomenon  of  induction. 
624 E.  D.  McALISTER  625 
the previous dark rest shown in Fig. 6--thus for a  30 minute dark 
rest it is two to three times as long as for a  5 minute dark rest and 
after a  night of darkness it is  15 minutes or more  tends to bring 
together the rather discordant values reported in the literature pre- 
viously mentioned.  It is evident now that the main factor operating 
to give the range of values found in the literature has been the length 
of the dark rest employed.  This is more likely than the suggestion 
of Manning (1938) that the diversity of characteristics of the induction 
period for different plants may be due to a  different mechanism for 
induction  in  different  plants,  and  is  quite  in  line  with  the  view 
expressed by Burk and Lineweaver (1935) that"..,  with a process so 
highly specific, it is unlikely that nature would develop a wide variety 
of fundamentally different paths."  It was pointed out by McAlister 
(1937)  that  the ordinate interval  between  any given curve  at  the 
point of illumination (light on)  and the intersection of the straight 
line  of  the  constant  final  rate  of  assimilation  extended  backward 
to this time represents an amount of "carbon dioxide lost to photo- 
synthesis" during the induction period, an amount hereinafter to be 
called induction loss.  The induction loss, which is both a  different 
and a  more quantitative measurement of induction than the length 
of the induction period, is plotted on the ordinate axis against  the 
corresponding dark rest on the abscissal axis in Fig. 7.  (The ordinate 
scale actually used is the molar ratio of induction loss to  chlorophyll 
content.) 
The data for Figs. 6 and 7 were obtained in the following manner: 
The plant was given a certain period of darkness and then the course 
of  assimilation observed at  30  second intervals,  giving  a  curve in 
Fig. 6.  The induction loss for this dark rest gives one point on Fig. 7. 
This was repeated for all the dark rests shown, the experiments not 
being made in order,  until enough data were obtained to  establish 
the shape of the curves shown in Fig. 7.  In this way, i.e. by studying 
induction after different dark rests, the time course of the dark reaction 
or reactions responsible for the induction phase was observed.  Fig. 7 
actually gives evidence of two different dark reactions  being involved. 
The first is a  rapid reaction progressing approximately linearly with 
dark time (zero order)  and attaining completion in about  1 minute 
(at 20°C.).  The second is a much slower reaction that goes on for a 
number of hours (see especially inset). 626  CHLOROPHYLL-CARBON  DIOXIDE  RATIO 
The  relation of  the induction loss to  the  amount of  chlorophyll 
present in the plant was obtained by measuring the chlorophyll con- 
tent of the plants  (the blades and sheaths of the leaves only were 
assayed) at the end of a  24 hour series of observations, yielding the 
results indicated in Fig. 7.  The chlorophyll content was estimated 
by the method of WiUst~tter and Stoll, as modified by Schertz (1928), 
comparison being made spectrophotometrically with a standard sample 
of chlorophyll obtained from Dr. Schertz.  An average value of 1.06 
per  cent of the dry weight of the leaves for total  chlorophyll was 
obtained.  The  ratio  of  the number of moles of carbon dioxide in 
the induction loss to the number of moles of chlorophyll present in 
the leaves of the plants under test is used as the ordinate scale in 
Fig. 7.  By assuming that van den Honert's (1930) assimilation num- 
ber for Hormidium applies to van der Paauw's data (1932) on induc- 
tion with Hormidium, the induction loss may be compared with chloro- 
phyll content in the latter experiments.  An estimated ratio of about 
unity  is  obtained.  Calculation  of  Smith's  (1937) data,  with  the 
assumption of the same chlorophyll content per unit wet weight as 
in wheat, also yields a ratio of the order of unity. 
Fig.  7 agrees very well with Fig. 4  in the paper by Franck and 
Wood (1936).  These authors were observing curves of recovery of 
fluorescence in green leaves in darkness, and they state:  "They [the 
curves] are strictly linear.  It  seems that  after  the apparent  equi- 
librium is reached (which takes the time of the order of magnitude 
of one minute) a very slow and small rise takes place for hours, as is 
indicated by  the  higher maximum observed  after  a  whole night's 
repose in the dark."  These two entirely different methods of observa- 
tion have thus yielded almost identical results,  and the  close  rela- 
tionship between fluorescence of chlorophyll and photosynthetic induc- 
tion is almost certainly established. 
The experiments of Fig. 6 were all made with normal air carbon 
dioxide concentration and a  light intensity high enough for carbon 
dioxide  to  be  somewhat limiting.  In  order  to  compare induction 
under both light-limiting and carbon dioxide-limiting conditions, at 
higher  rates  of  assimilation,  the  previously  described  experiments 
shown in Figs. 1 and 2 were made.  When Fig. 1 is examined, keeping 
Fig. 2 in mind, it is apparent that in passing from light-limiting to E.  D.  MeALISTER  627 
carbon dioxide-limiting conditions (here low to high light),  all  else 
being constant, there is a  marked increase in the amount of carbon 
dioxide lost to photosynthesis during induction (induction loss,  see 
Fig.  6). 
The  rather  abrupt  increase  in  induction loss  as  carbon  dioxide 
becomes limiting shows up more dearly in Fig. 8, where the induction 
losses observed in Fig. 1 are plotted against the rate of assimilation 
attained.  For both 16  ° and 26°C., the loss goes above the extended 
straight line that holds for light-limiting conditions.  (In regard to 
how far this "light-limited" line would continue linear--with either 
the 10 minute dark rests here employed or other durations--it is well 
to bear in mind that the abscissa is not light intensity but rate of 
assimilation as determined by light intensity.)  Smith's (1937)  data 
on induction when similarly treated yield a curve like those in Fig. 8. 
The induction losses for the normal air case  (0.03  per cent carbon 
dioxide) at 16  ° and 26°C. (shown here by two particular points only) 
also appear above this straight line, again indicating somewhat more 
carbon dioxide lost to photosynthesis, for a  given rate of assimila- 
tion, under carbon dioxide-limiting than under light-limiting condi- 
tions.  This  comparison is  made  even more exactly  and strikingly 
in the previously described experiments shown in Fig. 3.  Here the 
two sets of conditions for the two lower curves balance to give about 
the  same  rate  of  assimilation  (corrected  for  respiration)--97  and 
98 c. mm. per minute--but the induction loss is considerably greater 
under  carbon  dioxide-limiting conditions  (80  c.  ram.)  than  under 
light-limiting conditions (50  c.  mm.).  The experimental error here 
is at most  ±5  c.  mm.  The upper (broken)  curve in Fig. 3,  where 
carbon dioxide is the main limiting factor at a higher rate of assimila- 
tion (215  c.  turn. per minute), shows an even greater induction loss 
(180 c.  mm.). 
The  results  shown in  Figs.  3  and  8  indicate that  the  induction 
losses given in Fig. 7 would be reduced by about one-half if this experi- 
ment had been performed under light-limiting conditions, although 
this cannot yet be  definitely stated except for the  10 minute dark 
rest period, complete data not being at hand. 
Experiments  that  need  not  be  discussed  here  have  established 
another fact of interest, namely: An induction period is observed in ¢Oa  CONC. 0.3 //OZ. 
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passing suddenly from a  long illumination at low light intensity to 
high light intensity.  The induction losses found in  changing from 
darkness to low light and from low light to high light add up to approxi- 
mately the same induction loss as is found in passing from darkness 
to high light.  The converse of this experiment is yet to be performed 
and will have especial interest in relation to the dark pick-up, which 
has  so  far  only  been  measured  upon passing  to  zero  rather  than 
lowered light intensities. 
In the experiments where carbon dioxide was  admitted after  the 
conditioning period it was quite clear that the plant was brought out 
of the induction phase by the conditioning in light even in the absence 
of carbon dioxide.  Here no induction period in the rate of assimila- 
tion was apparent when the carbon dioxide was  suddenly admitted 
to  the plant chamber after several minutes of intense illumination. 
The assimilation began immediately at about the otherwise normal 
value.  In other words the presence of carbon dioxide (in measurable 
concentration) is not necessary to bring the plant through the induc- 
tion period upon exposure to light. 
The Absence of a Direct Effect of Light on Respiration 
In some of the conditioning experiments previously mentioned is 
found unmistakable evidence that light has no effect on respiration 
in the higher plant used.  This was an unplanned result, but is of 
such pertinent interest  as  to  call  for mention here.  One of  these 
experiments is shown in Fig. 9.  Here, before the system was closed, 
air  free from carbon  dioxide but with normal oxygen content was 
rapidly blown through the plant chamber effectively keeping the plant 
under carbon dioxide-free conditions.  This treatment was continued 
for one-half hour.  The light intensity on the plant was 4000 foot- 
candles and was maintained when the system was closed.  The upper 
curve in Fig. 9  shows, first at the left, readings at a  constant level 
for no carbon dioxide in the system, then at time marked zero the 
system was closed and respiration appears immediately at a rate equal 
to the dark value even though the plant was illuminated.  Very soon, 
however, some carbon dioxide concentration is built up and assimila- 
tion sets in as seen by the departure from the dashed line representing 
respiration and by the slowly reduced rate of production of carbon 
dioxide shown in the lower curve.  After 10 minutes of this the plant 630  CHLOROPHYLL-CARBON  DIOXIDE  RATIO 
was  darkened and the  dark respiration appears immediately at  the 
same rate as when the plant was illuminated in the absence of carbon 
dioxide.  If any effect such as reported by van der Paauw (1932) was 
present in these experiments the rate of production of carbon dioxide 
when the system was first closed would have been more than twice 
the dark rate shown, rather than unchanged.  This result is in agree- 
ment with previous but less direct experiments of the writer (1937). 2 
DISCUSSION 
Before any significance for photosynthesis can be attached to the 
pick-up of carbon  dioxide in darkness,  it is desirable  to ascertain if 
this amount is greater than that which the plant volume (independent 
of any specific intermediate binding)  would be expected  to take up 
in bringing itself to equilibrium with the carbon dioxide concentration 
in the surrounding air; i.e., 0.3 per cent.  The volume of leaf material 
in the plant used in the experiments of January 29, 1938, was 2.7 cc. 
(i.e.,  wet  weight  2.73  gm.).  The  maximum possible  plant  uptake 
to  satisfy a  deficit under the most  extreme carbon dioxide-deficient 
conditions would be the amount necessary to bring the total carbon 
dioxide  concentration  in  the  plant  from  0  to  0.3  per  cent,  which 
(assuming  an  absorption  coefficient of  about  unity  as  for  waterS), 
is 2.7 cc.  ×  0.003 atmospheres  X  1, or about 8 c. ram.  This  is less 
than one-sixth the amount observed (see Fig. 4), and much less than 
one-sixth assuming less than extreme carbon dioxide limitation.  It is 
also improbable that a buffer solution in the plant would be exhausted 
during photosynthesis and should be filled up in the dark because this 
would take more than 20 seconds time.  Consequently it is believed 
that the observed clark pick-up has a  real bearing on the mechanism 
of photosynthesis.  It  is of interest  to note  that  if  the experiment 
were made at 3 per cent carbon  dioxide  (higher concentration)  and 
(of  course)  higher  light,  the  pick-up  obtained,  if  not  too  greatly 
different than already measured, would be of about the same amount 
as  that  due to  the plant uptake,  i.e.  for 3  per cent carbon  dioxide 
concentration  the  maximum plant  volume uptake  would be  about 
80 c. mm.  Thus the dark pick-up is probably most clearly observable 
2 This is contrary to the recent suggestion of Blinks and Skow (1938 b). 
s See Smithsonian  Physical  Tables,  Washington,  D.  C.,  Smithsonian  Insti- 
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at  some  intermediate  carbon  dioxide  concentration,  of  the  order 
actually  used,  rather  than  at  some  extreme  concentration.  This 
reasoning presupposes, of course,  that  at much higher assimilation 
rates than yet achieved a limiting pick-up set by the number of inter- 
mediate molecules would be  obtained  (even  if  not  yet  observed); 
increasing  carbon  dioxide  concentration  would  thus  continue  to 
increase the plant uptake in relation to dark pick-up and increasingly 
obscure the latter beyond a certain set of optimal values. 
This brings us  to  the most important conclusion of the present 
paper, namely: the facts that this dark pick-up (1) is an experimental 
order of magnitude greater than that expected for the plant volume 
coming to equilibrium with its surroundings (plant uptake), (2) cannot 
be due to the action of a buffer solution in the plant, and (3) is of an 
amount--molecule for molecule  equal to one quarter or more of the 
total chlorophyll present (see Fig. 4), strongly suggest the formation 
during photosynthesis of  a  simple carbon  dioxide-combining inter- 
mediate very probably chlorophyllous in nature.  It is believed that 
a  curve such as  shown in  Fig. 4  represents roughly the functional 
relation  between  the  "population"  of  the  intermediate  (or  inter- 
mediates) and the rate of photosynthesis. 
It is very interesting to note that the pick-up and its marked func- 
tion of previous rate of assimilation are called for and theoretically 
predicted by the well known kinetic mechanism proposed by Burk 
and Lineweaver (and several others in less detail) (1935).  Employing 
a minimum of one light and three dark reactions, the schema of Burk 
and Lineweaver  (for  the  steady  state  rate  of photosynthesis after 
the induction phase)  is as follows: 
(1)  Dark  Chl~ ..~ CO~ ~  ChlcCO~  (Complex1) 
(2)  Light  Chl~COs(  +nhv)  ~  Chl~CO~*  (Complex2) 
(3)  Dark  Ckl~C02* ~  E --~ ChlcCOs*E  (Complexx) 
Blackmau 
reaction 
(4)  Dark  C/d~CO2*E -* Ch/~ -Jr E q- Product, 
or where saturation of the Blackman enzyme E  need not be considered,  as or- 
dinarily, (3) and (4) may be written 
(3')  Dark Blackman  reaction  Chl~COs* --* Chl~ -k product. 
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This mechanism explains the observed pick-up of carbon dioxide 
in darkness as follows: The amount of the plck-up is determined by 
the amount of Ckl~ involved in (3').  Darkening the plant stops (2), 
and (3') continues for a fraction of a second until all the chlorophyll 
complexes concerned therein become Chl~.  It is  (1)  that is respon- 
sible for the observed pick-up of carbon dioxide in darkness.  Since 
the amount of Ch/~ involved in (3 p) is a function of the rate of assimila- 
tion, the pick-up due to  (1)  is obviously a  marked function of the 
previous rate of carbon dioxide assimilation.  The concentration of 
Complex2 does not increase linearly with rate, or conversely decreases 
faster than the rate falls as suggested by the shape of the  curves in 
Fig. 4.  The amount of carbon dioxide involved in any pick-up so 
far observed, i.e. the maximum ratio of carbon dioxide to chlorophyll, 
is as yet only about 1/4  (Fig. 4), but this is quantitatively as well 
as qualitatively expected by the mechanism of Burk and Lineweaver 
since in the experiments concerned the assimilation rate attained was 
still only of the rough order of 1/4 or less of the maximum possible 
if the carbon dioxide and also the light were completely nonlimiting. 
As  already  explained,  to  measure  a  pick-up  ratio  of  nearly  unity 
involves some special difficulties, and to obtain a  ratio of 1/4 under 
the experimental conditions employed is  equivalent to  obtaining a 
ratio approximating unity (or even 2 in the event of Ch/c(CO2)2) under 
conditions  of  saturating  carbon  dioxide  concentration  and  light 
intensity. 
The writer realizes that it is a problem as to what happens to the 
carbon dioxide picked up, if no light is added for a long time.  A slow 
dissipation (zero order or otherwise) would be lost in respiration.  A 
correlation  of  the  probable  disappearance  of  the  intermediate  (or 
intermediates) with the dark reactions shown in Fig. 7 suggests itself, 
but this conjecture is probably premature. 
Further striking indications of a  simple carbon dioxide-combining 
chlorophyllous intermediate,  as  postulated  in  the  commonly  con- 
ceived mechanisms collated by Burk and Lineweaver (1935),  derive 
from the quantitative aspects of the time found to be involved for 
the dark pick-up,  10  to  20  seconds.  The pick-up can  scarcely  be 
much faster  than  the previous rate  of  assimilation in  view  of  the 
partial CO2 limitation operating.  In Fig. 3, top curve, the assimila- E.  D.  McALISTER  633 
tion  rate  is  215  c.  mm. per minute.  The  number of  chlorophyll 
molecules, on a basis of a  1/4 to 1/2 pick-up, is equivalent to about 
50  c.  mm. of carbon  dioxide.  Hence 50/215  minutes or  about  15 
seconds is the order of time required.  It might have been thought 
that a pick-up was bound to be involved at a high rate of assimilation 
under carbon dioxide-limiting conditions, but the order of magnitude 
of time required, in relation to the previous rate of assimilation calls 
for  a  number of molecules of carbon dioxide predicted by  the size 
of the chlorophyll unit;  thus if the pick-up corresponded to  a  unit 
of 2000 molecules of chlorophyll per molecule of carbon dioxide the 
time calculated would have been 15/2000 seconds, and not 15 seconds 
as on a basis of unity. 
The experimental evidence so far at hand indicates that the mate- 
rial responsible for the pick-up is an intermediate formed only during 
photosynthesis.  If a pick-up had been observed after the conditioning 
treatments used it would have suggested that ordinary free chlorophyll 
in the plant combined directly with carbon dioxide and that this free 
chlorophyll  was  responsible  for  the  observed  pick-up.  The  con- 
ditioning experiments were planned with this possibility in mind, it 
being  thought  that  strong  illumination  in  the  absence  of  carbon 
dioxide would, by the process of photosynthesis, free the chlorophyll 
from any carbon dioxide bound to  it, so that  when  carbon dioxide 
was  admitted after  the  conditioning it  would immediately become 
attached  to  the  chlorophyll.  Since no pick-up was  observed here 
we must conclude either that an intermediate formed during photo- 
synthesis is responsible for the observed pick-up or,  as there would 
be little reason to suppose, that the chlorophyll was not made free 
by the conditioning treatment. 
The  striking  correlation  between  the  progress  of the  fast  dark 
reaction shown in Fig. 7 and the recovery of fluorescence of chloro- 
phyll in leaves in darkness shown by Franck and Wood (1936)  is of 
importance in demonstrating a real relation of fluorescence to photo- 
synthesis.  This rapid dark reaction,  going to  completion in about 
1  minute,  may  logically  be  associated  with  the  minimum growth 
effects found in intermittent light experiments at intermittencies of 
about  1 minute by  Garner  and Allard  (1931),  Iggena  (1938),  and 
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The earlier studies of the author (1937) and the data herein reported 
on the induction phase bring out clearly the fundamental nature of 
this phenomenon.  It has been shown that both the time factor and 
the induction losses are essentially the same in higher plants as in 
algae.  The  present  studies  of  the  induction loss  have  shown  the 
same  time  factor  and  order  (zero)  for  the  dark  reaction  causing 
induction as was found by means of the fluorescence of chlorophyll 
(Franck and Wood (1936)).  The linear relation between induction 
loss and attained rate of assimilation under light-limiting conditions 
also emphasizes a fundamental relation between induction and photo- 
synthesis.  In  view of  all  this  it  appears  reasonable  to  the writer 
to  assume  that  the  number of  carbon  dioxide  molecules  "lost  to 
photosynthesis" during induction (the induction loss) gives an approxi- 
mate measure of the number of elementary photosynthetic units or 
cycles  unoperafive  or  compensated  for  during  induction.  Some 
chlorophyll units are no doubt involved in the cycle more than once 
during  the  induction  period,  which  complicates  the  "counting." 
Nevertheless, the fact that the molecular ratio of the induction loss 
(after 1 minute dark rest) to total chlorophyll is of the order of 1/2 
leads  the writer  to  believe that  chlorophyll enters into  the photo- 
synthetic process as  essentially an  individual molecule, and not as 
part of a very large multimolecular unit.  It must be admitted that 
this does not offer immediate help in explaining light saturation under 
high carbon dioxide concentrations.  It does indicate, however, the 
necessity of an explanation of this along lines other than that of the 
assumption of a  "photosynthetic unit" of the order of 2000 chloro- 
phyll molecules associated with the reduction of one carbon dioxide 
molecule, some explanation for example, of the type offered by Franck 
and Herzfeld  (1937). 
SUM-MARY 
Using a  rapid  spectrographic method of carbon  dioxide measure- 
ment  previously  described  by  McAlister  (1937)  further  studies  on 
the time course of photosynthesis in the higher plant, wheat, variety 
Marquis, are herein reported.  Of major importance in this work is 
the discovery of a pick-up of carbon dioxide in darkness immediately E.  D.  Mc~ISTV.R  63~ 
following a  high  rate of photosynthesis  (see Figs.  3  and 4).  This 
pick-up  is  believed  to  be  due  to  the  action  of  a  carbon  dioxide- 
combining  intermediate;  i.e.,  the  "acceptor  molecule"  for  carbon 
dioxide  in  photosynthesis.  The  conditions  under which  this  phe- 
nomenon has so far been observed indicate that the intermediate is 
formed in  relatively large  quantities  during  the  actual  process  of 
photosynthesis  and  not  before.  That  the  intermediate  is  chloro- 
phyllous in nature is suggested by a simple stoichiometry of the order 
of unity that is found to exist between the number of carbon dioxide 
molecules taken up  and the total  number of chlorophyll molecules 
present  in the plant.  This  is  in opposition  to  the idea of a  large 
photosynthetic  unit  of  some  2000  chlorophyll molecules operating 
together in the reduction of 1 carbon dioxide molecule. 
Further studies of the induction phase under various conditions of 
previous  dark  rest  and  of  carbon  dioxide  and light  limitation  are 
herein described.  Employing the simple hypothesis that the number 
of carbon dioxide molecules not reduced during the induction period 
(induction loss)  gives a measure of the number of elementary photo- 
synthetic  cycles unoperative  or  compensated  for  during  induction 
together with the experimental fact that this induction loss is of the 
order of  the  total  number of  chlorophyll molecules present,  these 
latter studies also indicate, in a less direct manner, that chlorophyll 
participates in photosynthesis as an individual molecule and not as 
part of a very large multimolecular chlorophyll unit. 
The fast  dark reaction lasting about  1 minute  (Fig.  7)  required 
to reproduce both (~) the phenomena of induction in carbon dioxide 
assimilation  and  (b)  the  recovery of  fluorescence of  chlorophyll in 
leaves in darkness as observed by Franck and Wood (1936),  demon- 
strates  a  close relationship between the fluorescence of  chlorophyll 
and  induction in photosynthesis. 
The rate of respiration  (carbon dioxide production) of the higher 
plant,  wheat,  was measured under intense illumination and in the 
absence  of  carbon  dioxide  (to  suppress  assimilation).  This  value 
was found to be identical with the dark respirational rate measured 
before  and  after  the  light  period,  indicating  very  positively  the 
absence of any direct effect of light on respiration. 636  CHLOROPHYLL-CARBON DIOXIDE RATIO 
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